High specific heats of the magnetic regenerative material, at the temperatures lower than 20 K, is crucial for a regenerative cryocooler to reach a liquid-helium temperature. The hydrogenation of the magnetic regenerative materials ErNi and ErNi 2 may change their structures, magnetic properties and specific heats, which will be investigated in this paper. XRD patterns show that crystalline and amorphous phases can both be formed in the hydrogenation at 293 K. The insertion of hydrogen atoms can lead to a larger specific heat, measured by a physical property measurement system (PPMS), in some higher temperature ranges. But the peak values of specific heat of the hydrides are lower than those of their parent compounds below 15 K, which indicates that the idea of regenerative material hydrogenation should be left out in the efforts of regenerator performance enhancement.
Introduction
The thermophysical properties of regenerative materials are key factors in the refrigeration performance of regenerative cryocoolers. One of the barriers for a regenerative cryocooler to reaching a temperature lower than 10 K is the low specific heat of conventional regenerative materials, such as stainless steel (SS) and lead (Pb), at the corresponding temperatures. Since late 1980s, many magnetic materials (ErNi and ErNi 2 included) have consecutively been proposed as regenerative materials for cryocoolers, thanks to their abnormal peak values of specific heat caused by magnetic phase transition. A considerable number of breakthroughs in reaching a temperature as low as 4 K and improving refrigeration performance 15) can be attributed to the successful use of these materials. However, better refrigeration performance is always required in various applications, which implies the demand of regenerative materials with larger specific heat at cryogenic temperature range and the necessity of the searching for new magnetic regenerative materials.
The influence of hydrogenation on the structures and magnetic properties of some rare earth compounds, such as RM 2 (R = rare earth elements, M = Fe, Co, Ni, Mn), CePtAl and Er 3 Ni, has been reported in literatures.
613) The insertion of hydrogen atoms into these compounds induces the change of interatomic distances, resulting in the complicated change of magnetic moment and magnetic transition temperature. It has been observed that the magnetic transition temperature of the crystalline hydrides ErNi 2 H x decrease as the hydrogen content increases. 14) However, Ref. 14) didn't take a further step to measure the exact values of hydrides specific heat. Compared with the compounds YMn 2 and HoMn 2 , higher specific heats have also been observed at the vicinity of the magnetic phase transition for the hydrides YMn 2 H x and HoMn 2 H x . 10) Moreover, experiments on a pulse tube cryocooler with HeH 2 mixtures as the working gas and Er 3 Ni as the regenerative material of regenerator's second stage demonstrated a 20% extra coefficient of performance (COP) over the results from thermodynamic analysis, which was assumed that the formation of hydride Er 3 NiH x from the Er 3 NiH 2 reaction could present a higher specific heat than that of Er 3 Ni. 15) It is then expected that the hydrides of ErNi (FeB-type) and ErNi 2 (MgCu 2 -type) can also be used as the regenerative material in the certain temperature range. However, the hydrogenation of ErNi and ErNi 2 , and especially the thermophysical properties of the hydrides have not been sufficiently studied. There is not yet proper theory or computing method in predicting the Curie temperature and specific heat of the metallic compound hydrides. This paper focuses on the structures, magnetic properties and specific heats for the hydrides of ErNi and ErNi 2 compounds to discuss the potential of their hydrides being used in cryogenic refrigeration.
Experiments
The ErNi and ErNi 2 compounds used in the present work are prepared by induction melting, from the raw materials erbium (99.99 mass%) and nickel (99.9 mass%). The samples are then pulverized into the powder with particle sizes of <0.1 mm before hydrogenation. The hydrides are produced by exposing the samples, which have been pretreated to be activated, to high purity hydrogen gas (10 ¹3 % impurity) at 293 K. The experimental apparatus as described in Ref. 16 ) is employed for the hydrogenation of ErNi and ErNi 2 . The absorbed hydrogen content in the samples is calculated by monitoring pressure change in a calibrated chamber. The hydrogen content in the hydrides can be controlled by adjusting the initial charging hydrogen pressure in the chamber.
The structures of the samples before and after hydrogenation are identified by X-ray diffraction (XRD) measurement using Cu K¡ radiation. Magnetization measurements are carried out in the temperature range T = 220 K and a magnetic field of 0.1 T using a physical property measure-ment system (PPMS, Quantum Design Inc.) magnetometer. The powder samples are pressed and cut into a 3 mm © 3 mm square plate with 0.5 mm in thickness (technically required by the specific heat measurement in the PPMS) and then put into the reaction chamber for hydrogenation. The specific heats of the hydrides are measured in the temperature range T = 2100 K by PPMS with thermal relaxation method. Figure 1 shows the powder XRD patterns of ErNi and its hydrides hydrogenated at 293 K. Repeated experiments show that the hydrogenation process is fully completed at 293 K when the hydrogen absorption content H/M (the atomic ratio of hydrogen to metal, i.e., the number of hydrogen atoms per formula unit ErNi) reaches 2.01, no matter how high the initial reaction pressure is. It can be seen that ErNiH 1.03 remains nearly the same structure with ErNi. New diffraction peaks can be apparently found in ErNiH 2.01 and it can be inferred that the original crystal is distorted and the longrange diffusion is suppressed in ErNiH 2.01 , resulting in a new crystalline state. It should be noted that ErNiH 1.03 is a chemical form from stoichiometric calculation. It is difficult to fully reveal the mechanism of the hydrogenation process simply by XRD analysis. Figure 2 shows the powder XRD patterns of ErNi 2 and its hydrides generated at 293 K. The hydride ErNi 2 H 0.66 mainly remains in cubic MgCu 2 -type structure and the diffraction peaks decline in the similar way as ErNiH 1.03 . Amorphous hydride can be obtained when the hydrogen absorption content H/M rises to 3.07, which is also a result of fully reaction. However, no new diffraction peaks can be evidently found in ErNi 2 H 3.07 . In addition, the transformation in the structures of ErNiH x and ErNi 2 H x hydrogenated at 293 K is different from the results of the sample hydrogenated at the temperature range from 413 to 513 K as reported in Ref. 14) , which implies that the hydrogenation temperature performs an important role in the structures of ErNiH x and ErNi 2 H x .
Results and Discussion
The magnetic properties of ErNi and its complete hydride are measured, which are presented in Fig. 3 . The hydride ferromagnetism of ErNiH 2.01 appears the same as its parent compound. The magnitude of magnetization of the hydride is smaller than that of its parent compound. The magnetic transition remains in the hydride ErNiH 2.01 , while no apparent magnetic transition can be observed in its intermediate product, ErNiH 1.03 .
In the case of ErNi 2 , as shown in Fig. 4 , the magnitude of magnetization of ErNi 2 H x is also smaller than that of its parent compound, which is no different from ErNi and its hydride. No apparent magnetic transition can be observed in the hydride ErNi 2 H 3.07 above the temperature of 2 K.
Based on RKKY theory, 14) the exchange interaction of rare earth atoms is usually attributed to the interaction of conduction electrons. The exchange interaction between Er ions is realized by the hybridized 3d5d electrons, which is related to the interatomic distance. Moreover, each absorbed free hydrogen atom carries one electron, which can increase or decrease the alloy's magnetic moment. When the electrons from hydrogen atoms have the same spin as the majority of the electrons in the d-band, the magnetic moment will rise, while the magnetic moment will drop when the electrons have the opposite spin. 17) Refinement of powder XRD is operated by software CMPR and GSAS-Expgui to investigate the lattice size Intensity, I / a.u.
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2 Theta, 2θ / deg change before and after hydrogenation. For ErNi 2 (MgCu 2 -type), the lattice parameters are 0.7126 nm for a, b and c, while for ErNi 2 H 0.66 , they are 0.7215 nm, leading to a 3.8% volume expansion. For ErNi (FeB-type), a = 0.6889 nm, b = 0.4054 nm and c = 0.5822 nm, respectively. Results show that hydrogenation-induced volume change percentage in ErNiH x is within 0.9%. The lattice volume calculation indicates the volumetric specific heat of hydrides should be revised in terms of density change (for ErNi 2 H x ). The density change of ErNi 2 H x is below 3.8% (considering the mass increase due to hydrogenation), so the results from PPMS should be modified by hydrides density to get the volumetric specific heat data. But density change is not considered in the specific heat treatment for ErNiH x because the volume expansion is so small that it can be neglected during specific heat treatment. Figure 5 shows the temperature dependences of the specific heats of ErNiH 2.01 , ErNi, Pb and SS in the temperature ranges T = 1100 K and T = 120 K, respectively. The data of ErNi and ErNiH 2.01 are measured with 4 He-based PPMS, while the data of Pb and SS are cited from the source of NIST (National Institute of Standards and Technology, USA). As shown in the figures, the specific heats of ErNiH 2.01 are higher than those of ErNi above the temperature of 20 K and much higher than those of Pb above the temperature of 40 K. ErNi exhibits a peak of specific heat around 8.5 K, and ErNiH 2.01 also exhibits a peak of specific heat at the same temperature. However, the peak values of ErNiH 2.01 are lower than those of ErNi. Figure 6 shows the temperature dependences of the specific heats of ErNi 2 H 3.07 , ErNi 2 , Pb and SS in the temperature range T = 1100 K and T = 110 K, respectively. Note that ErNi 2 H 3.07 is assumed to be amorphous. The lattice parameters are unavailable by XRD analysis, so the specific heat is an experimental result with estimation according to the density data suggested by other calculated hydrides. The specific heats of ErNi 2 H 3.07 are higher than those of ErNi 2 above the temperature of 15 K and much higher than those of Pb above the temperature of 45 K. ErNi 2 exhibits a peak of specific heat around 6.5 K, however, the specific heats of ErNi 2 H 3.07 does not have an apparent peak. The features of the specific heats of ErNi 2 and ErNi 2 H x agree with the measured magnitude of magnetization (Fig. 4) . Figure 7 shows the temperature dependences of the specific heats of metal alloy ErNi 2 , amorphous phase ErNi 2 H 3.07 and undefined substance ErNi 2 H 2.88 , ErNi 2 H 0.66 in the temperature ranges T = 1100 K and T = 110 K, respectively. At most temperatures, the measured specific heats increase as the hydrogen coefficient rises, while at the temperatures below 10 K, the specific heat peak gradually drops with a larger hydrogen absorption amount.
From the measured results, we can infer that the hydrogenation of ErNi and ErNi 2 at 293 K induces the change in structure, magnetic property and specific heat. The specific heat of a metal originates from three aspects: lattice vibration, independent electron and phase transition. The structure transformation and the insertion of hydrogen atoms induce the contribution of lattice vibration, and the influence on the magnetic property is considered part of the reasons for the different behavior of specific heat, compared with the original compounds.
ErNiH 2.01 , one of the hydrides of ErNi, shows the magnetic transition and the abnormal peak of specific heat. Several factors probable contribute to the rise in specific heat. A portion of the rise in the specific heat of RMn 2 H x could be attributed to the hydrogen atoms vibration degrees of freedom that are released at the magnetic transition due to the strong magnetic-phonon interactions. 10) Since the ErEr exchange interactions strongly depend on the hydrogen presence via, e.g., the increased mean ErEr distance, such interactions are conceivable in ErNiH x . Another possible contribution of the rise in specific heat is the influence of hydrogen atoms migration among the different interstitial sites. Finally, it may also relate to the existence of different vibration modes for hydrogen among ErNiH x hydrogenated under different conditions. Further study on hydrogen atoms vibration spectrum, neutron diffraction, transmission electron microscopy are necessary to verify or reveal the mechanism of the hydrogen's contribution to specific heat.
In the case of ErNi 2 , differing from the magnetic transition of ErNi 2 around 6 K, no magnetic transition was observed in the hydride ErNi 2 H 3.07 , and it fails to exhibit a specific heat peak and its specific heats below 15 K are quite low.
For the intermediate process and mechanism of hydrogenation, further work should be done to study the complete reaction. At present, it is assumed that there exists an intermediate product ErNiH y and ErNi 2 H y for each reaction, similar to the case of Er 3 Ni.
18) Every step should be taken or separately analyzed to present a clear evidence of phase transition, by improving the experiment methods and measurement accuracy, such as neutron diffraction and electron microscopic analysis.
Conclusions
Magnetic regenerative material with high specific heats at the low temperature range is crucial for a regenerative cryocooler to reach a temperature as low as liquid helium temperature. To investigate the influence of the hydrogenation of the magnetic regenerative materials ErNi and ErNi 2 on their structures, magnetic properties and specific heats, we set up a hydrogenation reaction system to produce ErNi and ErNi 2 hydrides and test properties with XRD and PPMS. The crystalline hydrides, including the same structure of parent compound and new crystalline state, can be formed by the hydrogenation of ErNi at 293 K, while the compound ErNi 2 can form crystalline hydride, which also remains the same structure of the parent compound, and amorphous hydride. The magnetization values of ErNi and ErNi 2 are larger than those of their hydrides. ErNiH 2.01 , one of the hydrides of ErNi, remains the magnetic transition and the abnormal peak values of specific heat. In the case of ErNi 2 hydrides, differing from the magnetic transition of ErNi 2 around 6 K, no magnetic transition is observed in the hydride ErNi 2 H 3.07 . This hydride possesses quite low specific heat below 15 K, without a peak of specific heat, and its peak values of specific heat of the hydrides are lower than those of their parent compounds, which indicates that the idea of regenerative material hydrogenation should be left out in the efforts of regenerator performance enhancement. Further study is needed to investigate the mechanism and treatment for heat capacity improvement of regenerative materials in cryogenic temperature range. 
